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Abstract

The global deployment of IP multicast has been slow due tdiffieulties related to heterogeneity, scalability, masaigl-
ity, and lack of a robust inter-domain multicast routingtpml. Application-level multicast becomes a promisintgalative.
Many overlay multicast systems have been proposed in rgeans. However, they are insufficient in supporting appilces
that require any-source multicast with varied host cafescénd dynamic membership. In this paper, we propose twacitgp
aware multicast systems that focus on host heterogeneitga@irce multicast, dynamic membership, and scalabityextend
Chord and Koorde to be capacity-aware. We then embed irhgkgree-varying multicast trees on top of the overlay ngtwo
and develop multicast routines that automatically follbw trees to disseminate multicast messages. The impéeis @ire well
balanced with workload evenly spread across the network.riféeously analyze the expected performance of multi-seur
capacity-aware multicasting, which was not thoroughlyradsed in any previous work. We also perform extensive sitionls

to evaluate the proposed multicast systems.

Keywords:Multicast, Network Communication

|. INTRODUCTION

Multicast is an important network function for group comnuation among a distributed, dynamic
set of heterogeneous nodes. Many research papers (e,d2][1B], [4]) pointed out the disadvantages
of implementing multicast at the IP level [5], [6], and arduer an application-level overlay multicast
service. More recent work (e.qg., [7], [8], [9], [10], [11]1Z], [13]) studied overlay multicast from different
aspects. In this paper we consider four design issues inentagvmnulticast system.

e capacity awarenessMember hosts may vary widely in their capacities in termsativork bandwidth,
memory, and CPU power. Some are able to support a large nurhtdeect children, but others support
few.

e any source multicast: The system should allow any member to send data to other mremige
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multicast tree that is optimal for one source may be bad fotler source. On the other hand, one tree per
member is too costly.

e dynamic membershipMembers may join and leave at any time. The system must beaétgciently
maintain the multicast trees for a dynamic group.

e scalability: The system must be able to scale to a large Internet groupolld be fully distributed
without a single point of failure.

Our goal is to study capacity-aware overlay systems thap@wistributed applications requiring
multiple-source multicast with dynamic membership. To te/eyed below, none of the existing systems
meets all these requirements.

To handle dynamic groups and ensure scalability, novelgzals were made to implement multicast
on top of P2P overlay networks. For example, Bayeux [14] and)BtS] were implemented on top of
Tapestry [16] and Pastry [17] respectively, and CAN-basetibést [18] was implemented based on CAN
[19]. El-Ansary et al. studied efficient broadcast in a Choetlwork, and their approach can be adapted
for the purpose of multicast [20]. Castro et al. compares #@ropmance of tree-based and flooding-based
multicast in CAN-style versus Pastry-style overlay netvedil].

However, the above systems assume each node has the samer ofictioldren. Host heterogeneity is
not addressed. Even though overlay multicast can be impied®n top of overlay unicast, they have very
different requirements. In overlay unicast, low-capaoibgles only affect traffic passing through them and
therefore they create bottlenecks of limited impact. Inrtayemulticast, all traffic will pass all nodes in the
group, and the multicast throughput is decided by the notletive smallest throughput, particularly in the
case of reliable delivery. The strategy of assigning an lequaber of children to each intermediate node
is far from optimal. If the number of children is set too bigetlow-capacity nodes will be overloaded,
which slows down the entire session. If the number of childseset too small, the high-capacity nodes
will be under-utilized. To support efficient multicast, wieosild allow nodes in a P2P network to have
different numbers of neighbors.

Shi et al. proved that constructing a minimum-diameter eedimited spanning tree is NP-hard [22].

Note that the terms “degree” and “capacity” are interchabggin the context of this paper. Centralized
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heuristic algorithms were proposed to balance multicaffi¢ramong multicast service nodes (MSNs) and
to maintain low end-to-end latency [22], [23]. The algomith do not address the dynamic membership
problem, i.e., MSN join/departure.

There has been a flourish of capacity-aware multicast systednich excel in optimizing single-source
multicast trees but are not suitable for multi-source ajapions such as distributed games, teleconfer-
encing, and virtual classrooms, which are the target agipdics of this paper. Bullet [24] is designed
to improve the throughput of data dissemination from one@®to a group of receivers. An overlay
tree rooted at the source must be established. Disjointalgéxts are disseminated from the source via
the tree to different receives. The receivers then comnatmiamongst themselves to retrieve the miss-
ing objects; these dynamic communication links, togethién e tree, form a mesh, which offers better
bandwidth than the tree alone. Overlay Multicast Netwofkastructure (OMNI) [25] dynamically adapts
its degree-constrained multicast tree to minimize thenlds to the entire client set. Riabov et al. pro-
posed a centralized constant-factor approximation algworfor the problem of constructing a single-source
degree-constrained minimum-delay multicast tree [26fn&guchi et al. described a distributed algorithm
that maintains a degree-constrained delay-sensitivacastttree for a dynamic group [27]. The above al-
gorithms are designed for a single source and thereforeuitabse when there are many potential sources
(such as in distributed games). Building one tree for eachkiplessource is too costly. Using a single tree
for all sources is also problematic. First, a minimum-ddl@g for one source may not be a minimum-
delay tree for other sources. Second, the single-tree approoncentrates the traffic on the links of the
tree and leaves the capacities of the majority nodes (Igavesed, which affects the overall throughput
in multi-source multicasting. Third, a single tree may beipaned beyond repair for a dynamic group.

This paper proposes two overlay multicast systems thatstippy-source multicast with varied host
capacities and dynamic membership. We model the capacityeaniaximum number of direct children
to which a node is willing to forward multicast messages. \Weemd Chord [28] and Koorde [29] to
be capacity-aware, and they are called CAM-Chord and CAM-Kearespectively. A dedicated CAM-
Chord or CAM-Koorde overlay network is established for eacHticast group. We then embeunhplicit

degree-varying multicast trees on top of CAM-Chord or CAM-Ka®and develop multicast routines that

LCAM stands for Capacity-Aware Multicast.
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automatically follow the implicit multicast trees to dissmate multicast messages. Dynamic membership
management and scalability are inherited features fromCbioKoorde. Capacity-aware multiple-source
miticast are added features. Our analysis on CAM multicgsthreds light on the expected performance
bounds with respect to the statistical distribution of Huserogeneity.

The rest of the paper is organized as follows. Section liggareoverview of our proposed systems. Sec-
tion lll and Section IV describe CAM-Chord and CAM-Koorde inaié, respectively. Section V discusses

some related issues. Section VI presents the the simulegsutts. Section VII draws the conclusion.

I[l. OVERVIEW

Consider a multicast grou@ of n nodes. Each node € G has a capacity,, specifying the maximum
number of direct child nodes to whichis willing to forward the received multicast messages. Talee
of ¢, should be made roughly proportional to the upload bandwidthodexz. Intuitively, = is able to
support more direct children in a multicast tree when it hasenpload bandwidth. In a heterogeneous
environment, the capacities of different nodes may varynce range. Our goal is to construct a resilient
capacity-aware multicast service, which meetsdéygacity constraintsf all nodes, allowsrequent mem-
bership changesand delivers multicast messages frany sourceo the group members viadynamic,
balancedmulticast tree.

Our basic idea is to build the multicast service on top oapacity-awarestructured P2P network. We
focus on extending Chord [28] and Koorde [29] for this purpoBlee resulting systems are called CAM-
Chord and CAM-Koorde, respectively. The principles and teqpies developed in this paper should be
easily applied to other P2P networks as well.

A CAM-Chord or CAM-Koorde overlay network is established fockanulticast group. All member
nodes (i.e., hosts of the multicast group) are randomly medjyy a hash function (such as SHA-1) onto
an identifier ring[0, N — 1], where the next identifier afte¥ — 1 is zero.N (= 2°) should be large enough
such that the probability of mapping two nodes to the sametiitier is negligible. Given an identifier
z € [0, N — 1], we define successai) as the node clockwise afteron the ring, and predecessoy@s
the node clockwise before on the ring.r refers to the node whose identifierasif there is not such a

node, then it refers to success9r(NodeZz is said tobe responsible fordentifier x. With a little abuse
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of notation,z, z, successox(), and predecessaf may represent a node or the identifier that the node is
mapped to, depending on the appropriate context where th@aors appear. Given two arbitrary identifiers
x andy, (z,y] is an identifier segment that starts frgm+ 1), moves clockwise, and ends:at The size

of (z,y] is denoted agy — x). Note that(y — x) is always positive. It is the number of identifiers in the
segment of z, y]. The distance betweenandy is |z — y| = |y — x| = min{(y — z), (z — y)}, where

(y — x) is the size of segmery, ] and(z — y) is the size of segmerit:, y|. (y,z] and(z, y] form the
entire identifier ring.

Before we discuss the CAMs, we briefly review Chord and KoordehEader in Chord has)(log, n)

11
1418"

neighbors, which ar§ .., of the ring away fromx, respectively. When receiving a lookup request for
identifierk, a node forwards the request to the neighbor closéstThis greedy algorithm take3(log, n)
hops with high probability to find:, the node responsible fér Each node in Koorde has neighbors. A
node’s identifierr is represented as a basenumber. Its neighbors are derived by shifting one digit jwit
value 0..m-1) intar from the right side and discards leftmost bit to maintain the same number of digits.
Whenz receives a lookup request fbr the routing path of the request represents a transforméton «

to £ by shifting one digit oft at a time intaz from the right until the request reaches the node respansibl
for k. Becausé: hasO(log,, n) digits, it takesO(log,,, n) hops with high probability to resolve a lookup
request. Readers are referred to the original papers for debedls.

Our first system is CAM-Chord, which is essentially a basénstead of base-2) Chord with variable

for different nodes. The number of neighbors of a nade O(c, 115521)’ which is related to the node’s

capacity. Hence, different nodes may have different nusmbbémeighbors. The distances between

and its neighbors on the identifier ring afe 2, ..., ==, &, 2, ..., %1, ... of the ring, respectively.

Cx

Apparently CAM-Chord becomes Chorddf = 2, for all nodexz. We will design a greedy lookup routine
for CAM-Chord and a multicast routine that essentially emhbagdicit, capacity-constrained, balanced
multicast trees in CAM-Chord. The multicast messages arewmissted via these implicit trees. Itis a
challenging problem to analyze the performance of CAM-Chate original analysis of Chord cannot be
applied here becausg is variable. We will provide a new set of analysis on the exp@performance of

the lookup routine and the multicast routine.
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The second system is CAM-Koorde, which differs from Koordéddath variable number of neighbors
and how the neighbors are calculated. This difference igakiin constructing balanced multicast trees.
Each noder hasc, neighbors. The neighbor identifiers are derived by shiftirig theright for a variable
number! of bits and then replacing tHeft-most/ bits of x with a certain value. In comparison, Koorde
shifts x one digit (basen) to theleft and replaces theght-mostdigit. This subtle difference makes sure
that CAM-Koorde spreads neighbors of a node evenly on theifagrring while neighbors in Koorde
tend to cluster together. We will design a lookup routine amdulticast routine that essentially performs
broadcast. Remarkably, we show that this broadcast-basgitecachieves roughly balanced multicast
trees with the expected number of hops to a receiver b@iigz n/E(log c.)).

CAM-Chord maintains a larger number of neighbors than CAM-Kedby a factor 00(&%)), which
means larger maintenance overhead. On the other hand, CAMi@&hmore robust and flexible because it
offers backup paths in its topology [30]. The two systemse&htheir best performances under different
conditions. Our simulations show that CAM-Chord is a betteriaf when the node capacities are small

and CAM-Koorde is better when the node capacities are large.

[Il. CAM-C HORD APPROACH

CAM-Chord is an extension of Chord. It takes the capacity of eadividual node into consideration.
We first describe CAM-Chord as a regular P2P network that stppdookup routine, which is to find
for a given identifielk. We then present our multicast algorithm on top of CAM-Chord.

When a node joins or leaves the overlay topology, the lookupine is needed to maintain the topology
asitis defined. CAM-Chord is not designed for data sharing @peers as most other P2P networks (e.g.,
Chord [28]) do. There are NO data items associated with thdiiter space. Each multicast group forms
its own CAM-Chord network, whose sole purpose is to providerdrastructure fordynamic capacity-

awaremulticasting.

A. Neighbors

For anoder in Chord, its neighbor identifiers afe+2') mod N, Vi € [1..1og, N], which arej, 1, %, ...,

of the ring away fromx. CAM-Chord is a base; Chord with variable-, for different nodes. Let: mean



e |@VEI-0NE neighbors

- - --- level-two neighbors

) @ x < level-three neighbors

Chord neighbors CAM-Chord neighbors

Fig. 1. lllustration of Chord v.s. CAM-Chord neighbors. (= 3)

(c;)". The neighbor identifiers afe + j x ¢;) mod N, denoted as; ;, Vj € [1..c,—1],Vi € [O..llggé\: —1].
i andyj are called théeveland thesequence numberf z; ;. Letzo, = =. The actual neighbors atg ;,
which are the nodes responsible fgr,.. Note thatz, ; is always successar.

See an illustration in Figure 1 with, = 3. The level-one neighbors in CAM-Chord divide the whole
ring into ¢, segments of similar size. The level-two neighbors furtlieidds a close segemefit, x + éN]
into ¢, sub-segments of similar size. And so on.

Consider an arbitrary identifiér. Let

log (k — x)
log ¢,
k—=x

7
Cy

i=1 ] (1)

] (2)

i=1
It can be easily verified that; ; is the neighbor identifier of that is counter-clockwise closesttpwhich
meanst; ; is the neighbor node of that is counter-clockwise closest to nad@ We calli theleveland;

thesequence numbef £ with respect tar.

B. Lookup Routine

CAM-Chord requires a lookup routine to assist member joirddepe during a dynamic multicast ses-
sion. This routine returns the address of n@desponsible for a given identifidr. z.foo() denotes a
procedure call to be executedaat It is a local (or remote) procedure callifis the local (or a remote)
node. The set of identifiers thatis responsible for i§predecessoér), z]. The set of identifiers that

successdr) is responsible for i$x, successdr)).

2|t is possible thak;; = k.



2.LOOKUP()
1. if k € (z, successor(z)] then
return the address ofuccessor(x)

. dse

log (k—x) J
log ¢z

2
3
4
5 j— &Y
6
7
8

if ke (x, z;;]then

return the address of;;
else

[* forward request ta; ; */

9. return z, ;.LOOKUP(k)

First the LOOKUP routine checks/ifis between: and successorf. If so, LOOKUP returns the address
of successor(). Otherwise, it calculates the levehnd the sequence numbgof k. If £ falls between
x andz; ;, which means; ; is responsible for the identifidr, LOOKUP returns the address of;. On
the other hand, if; ; precedes:, thenz forwards the lookup request tg ;. Becauser;; is z’s closest

neighbor preceding, CAM-Chord makes a greedy progress to move the request ctoser t

C. Topology Maintenance

Because CAM-Chord is an extension of Chord, we use the same Chawtpls to handle member
join/departure and to maintain the correct set of neighabeach node. The difference is that our LOOKUP
routine replaces the Chord LOOKUP routine. The details optta¢ocols can be found in [28].

The join operation of Chord can be optimized because two coiise nodes on the ring are likely to
have similar neighbors. When a new node joins, it first perfoartookup to find its successor and retrieves

its successor’s neighbors (called fingers in Chord). It tHescks those neighbors to make correction if

necessary. In a bage€hord, the join complexity without the optimization@s(cll‘;iz’g) for a constantc.

The optimization reduces the complexity(ﬂﬁcllzij).

CAM-Chord can be regarded as a bageéhord where: is arandom variabldollowing the node-capacity
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distribution. It cannot always perform the above optim@matbecause consecutive nodes may have differ-

ent capacities, which make their neighbor sets differentef\this happens, a new nogénas to perform

O(cy lfgg;) lookups to find all its neighbors. The lookup complexitﬂﬁ—logIE"%) by Theorem 1 (to

(&

be proved). The join complexity is therefo@(cmflogci‘)lig(%)), which would be reduced t@(c‘f)i—iﬁ)
if the capacities of all nodes had the same value, ¢.&as a constant. This overhead is too high for a
traditional P2P file-sharing application such as FastTraekause the observations in [31] showed that
over 20% of the connections last 1 minute or less and 60% ofRtedresses keep active for no more
than 10 minutes each time after they join the system. But CAMr€l® not designed for file-sharing
applications. One appropriate CAM-Chord application isdetdéerencing, which has far less participants
than FastTrack and less dynamic member changes. We do rextteéke majority of participants to keep
joining and departing during a conference call. Anotheriappon is distributed games, where a user is
more likely to play for a hour than for one minute.

CAM-Chord makes a tradeoff between capacity awareness amtenance overhead, which makes
it unsuitable for highly dynamic multicast groups. For thebAM-Koorde is a better choice because a

node only hag, neighbors. Our future research will attempt to develop restiques to overcome this

limitation of CAM-Chord.

D. Multicast Routine

On top of the CAM-Chord overlay, we want to implicitly embed andynic, roughly balanced multicast
tree for each source node. Each intermediate node in thesiv@@ld not have more children than its
capacity. It should be emphasized that no explicit tree ift.bGiven a multicast message, a node
executes a MULTICAST routine, sending the message, teelected neighbors, which in turn execute
the MULTICAST routine to further propagate the message. Meewion of the MULTICAST routine at
different nodes makes sure that the message follows a ¢tgjaaeare multicast tree to reach every member.

Letmsg be a multicast messagebpe an identifier, and be a node executing the MULTICAST routine.
The goal oft. MULTICAST (msg, k) is to delivermsg to all nodes whose identifiers belong(ta k|. The
routine is implemented as follows: chooses:, neighbors that splitz, k] into ¢, subsegments as even as

possible. Each subsegment begins from a chosen neighbendsdt the next clockwise chosen neighbor.
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x forwards the multicast message to each chosen neighbethtrgwith the subsegment assigned to this
neighbor. When a neighbor receives the message and its subsegt forwards the message using the

same method. The above process repeats until the size aftibegiment is reduced to one. The distributed
computation of MULTICAST recursively dividege, k| into non-overlapping subsegments and hence no

node will receive the multicast message more than once.

x.MULTICAST(msg, k)
1. if k= xthen
2. return

ese

. log k—z
v |- log ¢z

a

[*select children from level-neighbors preceding*/

6. kK — k

7. for m = jdowntol

8. Tim-MULTICAST (msg, k')
9. E—x;m—1

I* select(c, — j — 1) children from levelfi — 1) neighbors */
10. l+— ¢,

11. form=c,—j7—1downtol

12. L=l — = /* for even separation */
13. z;_111)-MULTICAST (msg, k')
14. k' — Jli_l,”“ —1

[* selectz’s successor */

15.  Z51.MULTICAST (msg, k')

To split(x, k] evenly,z first calculates the levéland the sequence numbeof £ with respect tac (Line
4-5). Then neighbors; ,, (Ym € [1..5]) at theith level preceding: are selected as children ofin the

multicast tree (Line 6-9). We also sele€s successor, which 8,7 (Line 15). Sincej + 1 may be less
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thanc,, in order to fully user’s capacityc, — 1 — j neighbors at thé — 1)th level are chosen; Line 10-14
ensures that the selection is evenly spread atithel)th level. Because the algorithm selects neighbors
that divide(z, k] as even as possible, it constructs a multicast tree thatighip balanced. At Line 9, we
optimize the code by using < z;,, — 1 instead oft «— z;,, — 1. That is because there is no node in

(Tim, Tim) by the definition ofz; ..

E. Analysis

Assumer, > 2 for every noder. We analyze the performance of the LOOKUP routine and theicast

routine of CAM-Chord. Suppose a nodereceives a lookup request for identifierand it forwards the

k

_f? the distance reduction ratiowhich

request to a neighbor nodg; that is closest td. We call =

measures how much closer the request is fkoaiter one-hop routing. The following lemma establishes
an upper bound on the distance reduction ratio with resjpect, twhich is a random variable of certain

distribution.

Lemma 1:Suppose a nodeforwards a lookup request for identifieto a neighbotz, ;. If 7;; € (z, k],

then

k—z;; Ine,
: E
k—x ) < (cz — 1>
Proof: Based on the algorithm of the LOOKUP routirienust be the height of with respect tor.

E(

By (1) and (2),k can be written as
k=x+jc +1

wherej € [1..c, — 1] is the sequence number bivith respect tac and! € [0..c%).
k—x=jc +1 (3)

By definition (Section Ill-A),z; ; = = + jc.. Becauser, z; ;, ¥;,;, andk are in clockwise order on the
identifier ring, we have

k—f; <k—x =1 (4)

By (3) and (4), we have

()
Cx

Ti; l

k’—ﬂfi’j
s < —
k—x gt +1 gt +1
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k—x; ;

We now derive the expected distance reduction raki¢-;—*) depends on three random variablgs,
[, andc,. Because the location @fis arbitrary with respect t@, we can considef and!/ as independent

random variables with uniform distributions on their respe value ranges.

K — Zim 1 el (%K — 7
E(———=F > — —q]
( k—ua ) (cgc—ljzlcgC o k—ux )
1 11 [C x
= B > — [ 5
e —1lij=1¢c Jo jc.+1
B(——(S (I + 1) ~ Inj) = ()
= n — In =
Ccp — 1 j=1 J J cy — 1

Theorem 1:Let ¢,, for all nodesz, be independent random variables of certain distributibhe ex-

pected length of a lookup path in CAM-Chord@e{—ln El?ﬁ_))

Proof. Supposed;, zs, ..., z,,) is a prefix of a Iooku; path for identifiér, wherez; is the node that
initiates the lookup, and;, i € [1..m|, andk are in clockwise order on the identifier ring. Because the
nodes are randomly mapped to the identifier ring by a hashiumdhe distance reduction ratio after each

hop is independent of those after other hops. Consequg@%,i € [2..m], are independent random

variables.
k—x, k—x,1 k —xy
Elk—uxz,)=F . S k —
( v ) (]C — Tm—1 ]{3 — Tm—2 k? — T ( 5171))
k—x, k— xm_1 k — x5
= E —_— ) ) " ...t E ‘ E - 5
() B - B ) - Bk =) )
Inc,
< (B(—))™ N

wherec, is a random variable with the same distributiorcasi € [1..m]. Next we derive the value of.
that ensure€’(k — z,,) < &, which is the average distance between two adjacent nodereddentifier

ring. The following is a sufficient condition to achie¥&k — x,,) < .

Ine N
E(—Z)m 1. N=—
(B(5) =

lnn
m —= ———————
In B(24)

If E(k — z,) < &, the expected number of additional routing hops fremto & is O(1). Therefore,

O(m) = O(—ln];?{,}&)) gives the expected length of the lookup path. u



13

It is natural that the expected length of a lookup path in CAMsddepends on the probability distri-
bution of ¢,, which affects the topological structure of the overlaywwk. For a given distribution, an
upper bound of the expected path length can be derived fraaorém 1. The following theorem gives an

example.

Theorem 2:Suppose the node capacityfollows a uniform distribution withZ(c,.) = ¢. The expected
length of a lookup path in CAM-Chord 9(122).

Proof: Suppose the range of is [¢;..to] with E(c,) = ¢. We perform Big-O reduction as follows.

Inc 2 ne 1
T :@ T
cx) (Z Cy th—tl—i-l)

ce=t1

2] 1
:@(/ ncxdcx X ———)
t Cy tz — tl +1

B(

1 1 1
:@((5 ln2 ty — 5 1H2 tl) X E)
In? ¢
=0(—) because, < 2candt; < ¢
C

Therefore,

) =0(In—) = O(—Inc)

By Theorem 1()(—11];(1%)) =0(Rk2), |

Other distributions of, may be analyzed similarly.

Next we analyze the performance of the MULTICAST routine in CAMord. Suppose executes
x.MULTICAST(msg, k), which is responsible for deliveringusg to all nodes in the identifier segment
(z, k). Specifically,x forwardsmsg to some neighbor nodes,,, by remotely invokingz; ,,,. MULTICAST (msg,
k'), which is responsible for delivering.sg to a smaller subsegmef(i; ,,, '), wherez, ., k' € (x, k). It
is a typical divide-and-conquer strategy. We cfia;jfxi the segment reduction ratjavhich measures the
degree of reduction in problem size after one-hop multicasting. The following lemma establishes

an upper bound on the segment reduction ratio with respegt, twhich is a random variable of certain

distribution.

Lemma 2:Suppose a nodeforwards a multicast message to a neighboy, i.e.,z.MULTICAST(msg,
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k) callsz; ,,. MULTICAST(msg,k’). It must be true that

—_

k/ — Tim
k—x ) Cr — 1)
Proof: Based on the algorithm of the MULTICAST routine, the executtbrr. MULTICAST (msg,

Inc,

E( < E(
k) will divide its responsible segmeiit, k) into ¢, subsegments, antd , is responsible for delivering
msg to all nodes in one subsegment ,,, k). The largest subsegment is created by Lines 6-9. When Line

7 is executed formn € [j — 1..1], ¥ = z; m41 — 1. Therefore,

/{Z, — li/z,?n < Lim+1 — Lim
=2+ (m+1)c — 2 —mc, (6)
i

:C{L‘

By Line 4,i is the level oft with respect tar. By (1) and (2) k£ can be written as
k=x+jc +1
wherej € [1..c, — 1] is the sequence number bfvith respect tar andi € [0..c).
k—x=jc +1 (7

By (6) and (7), we have

—_

/ X
k' — Zim c;

< -
k—x o+l

We now derive the expected segment reduction ra‘t‘id%) depends on three random variablgs,
[, andc,. Because the location @fis arbitrary with respect t@, we can considef and/ as independent

random variables with uniform distributions on their respe value ranges.

K —Zim = Y e Y

) = E(

E( dl)

ey —Lli=t¢c, Jo k—=

1 el o
— B Y L / G an)
0

e —1j=1 ¢ jci +1 (8)
I el . :
=B (2, G+ 1) =Inj))
Inec,
=F
(=7
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A multicast paths defined as the path that the MULTICAST routine takes to delvmulticast message
from a source node to a destination node. The proofs of thewiwlg two theorems are very similar to
those of Theorems 1 and 2, due to the similarity between Letharad Lemma 1, on which the theorems

are based. To avoid excessive repetition and to conseree spa omit the proofs for Theorems 3 and 4.

Theorem 3:Let ¢,, for all nodesz, be independent random variables of certain distributibhe ex-

pected length of a multicast path in CAM-Chordi$— = El?lffﬁ)).

Theorem 4:Suppose the node capacityfollows a uniform distribution and?(c,) = ¢. The expected

length of a multicast path in CAM-Chord {3(122).

V. CAM-K OORDEAPPROACH

This section proposes CAM-Koorde. For any nada CAM-Koorde, its number of neighbors is exactly
equal to its capacity,. The maintenance overhead of CAM-Koorde is smaller thanadh&AM-Chord
due to a smaller number of neighbors.

Like Koorde, CAM-Koorde embeds the Bruijn graph in the ideatifing. On the other hand, it has two
major differences from Koorde, which are critical to our aejpy-aware multicast service.

e The first difference is about neighbor selection. The neighdentifiers of a node: in Koorde are
derived by shiftinge one digit (basen) to the left and then replacing the last digit with O through- 1.
The neighbor identifiers differ only at the last digit. Congexgtly they are clustered and often refer to the
same physical node. For the purpose of multicast, we wamdfghbors to spread evenly on the identifier
ring. The neighbor identifiers of a noden CAM-Koorde are derived by shifting one or more bits to the
right and then replacing the high-order bits with O through@n number. The neighbor identifiers differ
at the high-order bits, and therefore they are evenly Oistied on the identifier ring.

e The second difference is about the number of neighbors. dé@quires every node to have the same

number of neighbors. CAM-Koorde allows nodes to have differeimbers of neighbors.

A. Neighbors

Let N = 2°. In CAM-Koorde,z hasc, neighbors, which are categorized into three groups. Allpem

tations are assumed to be modNo
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(O Neighbors in
the basic group

........... T . .‘ 35
------------------------ 3@ A Neighborsin
the second group

<> Neighbors in
the third group

Fig. 2. CAM-Koorde topology with identifier space [0..63]

e The basic grouphas four neighbors. Two areés predecessor and successor. The other two are the
nodes responsible for identifiefs/2) and2’~! + (x/2), respectively.

e After the basic group, there arg — 4 remaining neighbors. Let = |log(c, — 4)]. If s > 1, we
shall shiftz by s bits to the right to derive the neighbor identifiérsf s > 1, then lett = 2°%; otherwise
lett = 0. The neighbors in the second group are the nodes respofwilitientifiers ¢ x 2°=° + x/2°), V
i €[0..t —1].

e After the basic and second groups, theretare ¢, — 4 — ¢t remaining neighbors. Let = s + 1. The
neighbors in the third group are the nodes responsible étifiers ¢ x 20~ + 2/2°"),Vi € [0.¢/ — 1].

It is required that, > 4. The basic group is mandatory. The optional second and ginodps pick up
the remaining neighbors.

An example is given in Figure 2, showing the neighbors of i&&le100100) whose capacity i$0. The

binary representation of the node identifier is given in tageptheses. The basic group is
{35 (100011), 37 (100101), 18 (010010), 50 (110010)}

The second group is

{9 (001001), 25 (011001), 41 (101001),57 (111001)}

The third group is
{4 (000100),12 (001100)}

31f s = 1, it means to shift one bit. The basic group already does that.
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B. Lookup Routine

Definition 1: Given twob-bit identifiersz andk, if an [-bit prefix of z matches an-bit suffix of k£, we
sayx andk sharel ps-common bitsz = k if the two sharé ps-common bits.

Similar to CAM-Chord, a lookup routine is needed in CAM-Koorade member join/departure. First
consider anNV-node network with every identifier having a correspondinglen Given an identifiek,
suppose node wants to query for the address of nadeThe lookup routine forwards the lookup request
along a chain of neighbors whose identifiers share progedgsinore ps-common bits with. Starting
from x, we identify a neighbor that has the longest prefix matchiegsuffix ofk. More specifically, if the
third group is not empty and a third-group neighbor can bé/déry selecting the|log(c, — 4)] + 1)
bits of k£ that precedes the current ps-common bits and shifting them fhe left intox, then the lookup
request is forwarded to this neighbor. Otherwise, if theosdcgroup is not empty and a second-group
neighbor can be derived by selecting thez(c, — 4)] bits of k that precedes the current ps-common bits
and shifting them from the left inte, then the lookup request is forwarded to this neighbor. Oilse,
we forward the request to a first-group neighbor that in@eadlse number of ps-common bits by one. To
determine each subsequent node on the forwarding pathjlarsprocess repeats by shifting more bits of
k into the identifier of the next hop receiver. After at mbs$iops, the request can reach nade

Now supposer < N, which is normally the case. We still calculate the chain @fhbor identifiers
in the above way, which essentially transforms identifido identifier & in a series of steps, each step
adding one or more bits from. Once the next neighbor identifigron the chain is calculated, the request
is forwarded tay, which in turn calculates its neighbor identifier that siibloé the next on the forwarding
path and then forwards the request.

The pseudo code of the LOOKUP routine is shown below. It Usekigh-order bits of the node identifier
to match the low-order bits df, which is different from Koorde’s routine and is criticalrfour multicast

routine, to be discussed shortly.

2.LOOKUP(k)
1. if k € (predecessr), x| then

2. return the address of



18

if £ € (z,successqr)] then
return the address of successoy

letm; be the number of ps-common bits sharedrgndk

o 0~ W

find the neighboy that shares the largest numbes of ps-common bits wittk

7. if my < My then

8. return y.LOOKUP(k)

9. dse

10. if |k — predecessor)| < |k — successdrr)| then
11. return predecessor).LOOKUP (k)

12. else

13. return successdr).LOOKUP (k)

Koorde uses Chord’s protocols with a new LOOKUP routine fodengoin/departure, so does CAM-

Koorde.

C. Multicast Routine

When a node receives a multicast message, it forwards theageess all neighbors except those that
have received or are receiving the message. Because nebwrctions are bidirectional, it is easy for a
node to perform the checking through a short control padikes.overhead is negligible when the message
is large, e.g., a video file. Note that a node does not have ifofevahe entire message to arrive before
forwarding it to neighbors. The forwarding is done on perkgadasis, but the checking is performed only
for the first packet of a message, which carries the messagkehelhe pseudo code of the MULTICAST

routine is shown below.

x.MULTICAST(msg)
1. for each neighboy do
2. if y has not received or is not receivingsg then

3. y.MULTICAST (msg)
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D. Analysis

Lemma 3:Let c,, for all nodest, be independent random variables of certain distribufidre expected

length of the shortest path between two nodes in CAM-Koord#isg n/E(log c,)).

Proof: Consider two arbitrary nodes andy. Lety’ be anO(logn)-bit prefix of y. We show there
exists a path of lengt®(log n/ E(log c,)) that reaches a nodg, with ¢/ also as its prefix.

e We construct a physical path, 71, 75, ..., T,,_1, Z,m) as follows. Noder, has a basic- or second-
group neighbor;, wherez, is derived by shifting mail, |log(c,, —4) |} low-order bits ofy’ into x, from
the left* The bits ofy’ that have been used in shifting are calleskd bits Similarly, z; has a second-
group neighbotz,, wherez, is derived by shifting maf, |log(cz; — 4) |} low-order unused bits of’
into 7, ... Finally, z,,,—; has a second-group neighboy,, wherez,, is derived by shifting the remaining
max{1, |log(c,—, — 4)]} low-order unused bits af into z,, ;. The length of pathy, 71, 75, ..., T _1)
is m. The total number of used bits gfis 3.7 ,' max{1, [log(cz — 4)|}, which isO(logn). Letc, be a

random variable of the same distributionas Vi € [0..m — 1].

m—1

Z max{1, [log(cz, —4)]} = O(logn)
Z log ¢z, = O(logn)

m—1
E() logcs,) = O(logn)
1=0

mE(logc,) = O(logn)
m = O(logn/E(logc,))

e Next we construct an identifier list:¢, ', 5, ..., 2/

m—11

x! ) as follows. x} is derived by shifting
max{1, [log(c., —4)]} low-order bits ofy’ into =, from the left.z, is derived by shifting mail, |log(cz —
4)|} low-order unused bits of/ into «} ... Finally, wherexz/ is derived by shifting the remaining
max{1, |log(c,-—, — 4) |} low-order unused bits of into 2/, ;.
4If ¢, < 6, we can picke; from the basic group, which shifts one bitgfinto z; if c. > 6, we can pickz; from the second group, which

shifts [log(c, — 4)] bits ofy’ into z.
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y" is anO(log n)-bit prefix of bothx! andy. Therefore, the distance between andy on the identifier
ring, |27, — yl, is O(X). Note that? is the average distance between any two adjacent nodes on the
ring. If we can show tha®(|z,, — 2.,|) < &, thenE(|z, — y|) < E(|zm — 2| + |2, — y|) =
E(|Z, — 2,|) + E(|z}, — y|) = O(Y), which means that the expected number of hops fignto y is
O(1).

Vi € [1..m], define arandom variabl®; = |z;—z;|. Because; can be anywhere in (predecedsoy, z;),
we have

E(A) = 3 E(|predecessof,), 7)) = o ©)

T

where% is the expected distance between two adjacent nodes onethifiier ring.
x; andx) are derived fromz;_; andz/_,, respectively, by shifting the same max|log(c—, — 4)]}

bits of ¢’ in from the left. Therefore,

— /
= |Zio1 — x|
v 2max{1, I_lOg(cz";:l _4)J}

|z, — x

It follows that,Vi € [i..m],

|Zicy — @i
omax{1,[log(c.—, —4)]}

By induction, we have

m m—1
1
—~ /
|xm - Im| < Zl Al H 2max{1,[log(c;j —4)|}
i= j=t

Because:, > 4 for any noder in CAM-Chord, max1, |log(cz; —4)]} > 1. Hence,

Consequently, the expected number of hops figito =/, and then tay is O(1). The expected length of

the entire path from, to y is O(m) = O(logn/E(log c,)). [
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Theorem 5:Let ¢,, for all nodesz, be independent random variables of certain distributibhe ex-
pected length of a multicast path in CAM-Koorde from a soumgato a member noded¥(log n/E(log c,)).
Proof: According to the MULTICAST routine, a multicast packet isideted in CAM-Koorde by
broadcast, which follows the shortest paths to the membéesio Therefore, the expected length of a

multicast path from a source node to a member nod¥isgn/E(logc,)) by Lemma 3. [

Theorem 6:Suppose the node capacityfollows a uniform distribution and?(c,) = ¢. The expected
length of a multicast path in CAM-Koorde from a source node toeamber node i€)(logn/ logc)).

Proof: Suppose the range of is [¢;..t2] with E(c,) = ¢. We perform Big-O reduction as follows.

1 =
E(loge,) B Z log ¢,

ce=t1

1 2
—O( / log c,dc,)

ty—t1+1 J,

1
:@(m((tg 10g tg — tg) — (tl IOg tl — tl)))
=0O(logc) becauset, < 2candt; < ¢
By Theorem 50(logn/E(logc,)) = O(1&1), u

logc
V. DISCUSSIONS
A. Group Members with Very Small Upload Bandwidth

A nodexz with very small upload bandwidth should only be a leaf in th@troast trees unless itself is
the data source. In order to make sure that the MULTICAST neutioes not seleat as an intermediate
node in any multicast tree, must not be in the CAM-Chord (or CAM-Koorde) overlay networkstead,
it joins as an external member.asks a nodg known to be in CAM-Chord (or CAM-Koorde) to perform
LOOKUP(k) for an arbitrary identifiek, which returns a random nodein the overlay networkx then
attempts to joinz as an external member. 4fcannot support, = forwardsx to successor(. If z admits
x as an external membet, will forward the received multicast messagestzt@nd = will multicast its

messages via. If z leaves the group; must rejoin via another node in CAM-Chord (or CAM-Koorde).
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B. Proximity and Geography

The overlay connections between neighbors may have velgrelit delays. Two neighbors may be
separated by transcontinental links, or they may be on theedaAN. There exist some approaches to
cope with geography, for examplroximity Neighbor SelectioandGeographic LayoutWith Proximity
Neighbor Selection, nodes are given some freedom in chgastighbors based on other criteria (i.e.
latencies) in addition to the arithemic relations betwdwezirtidentifiers. With Geographic Layout, node
identifiers are chosen in a geographically informed manfdre main idea is to make geographically
closeby nodes form clusters in the overlay. Readers araedfey [32], [30] for details.

Extension to the existing P2P networks, CAMs can naturahgiit most of those features without much
additional effort. For example, instead of choosingitheneighbor to béx +2¢), a proximity optimization
of Chord allows theth neighbor to be any node within the rangg @f+ 2¢), (a + 2¢*1), which does not
affect the complexities [30]. This optimization can alsodpplied to CAM-Chord (which is an extension
of Chord) without affecting the complexities. A nodecan choose any node whose identifier belongs to
the segmenir + j x ¢,z + (j + 1) x ¢%) as the neighbat; ;. Given this freedom, some heuristics (e.g.,
smallest delay first) may be used to choose neighbors to geopnoximity-clustering. Specifically, a node
x can progressively scan the nodes in the allowed segmeneighioorz; ;, for example, by following the
successor link to probe the next node in the segment aftey @08k data bits sent by, which trivializes

the probing overhead: always use the nearest node it has found recently as itshaigh

VI. SIMULATION

Throughput and latency are two major performance metrica faulticast application. We evaluate the
performance of CAMs from these two aspects. We simulate oagitialgorithms on top of CAM-Chord,
Chord, CAM-Koorde, and Koorde, respectively. The identifigace is[0, 2'°). If not specified otherwise,
the default number of nodes in an overlay network@(8, 000, and the node capacities are taken from
[4..10] with uniform probability. The upload bandwidths of the nedge randomly distributed in a default
range of[400, 1000] kbps.

It should be noted that the value ranges may go far beyondetiaili ones in specific simulations. In our

simulations¢, = | B,/p|, whereB, is the node’s upload bandwidth apds a system parameter of CAMs,
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specifying the desired bandwidth per link in the multicaset By varying the value gf, we can construct
CAMs with different average node capacities, which also ntbtierent average numbers of children per
non-leaf node and consequently different tree depthsnidse If the average node capacitys not the

default value of 7, the node capacities are taken unifornalynfi4, 2¢ — 4].

A. Throughput

We compare the sustainable throughput of multicast systeassed on CAM-Chord, Chord, CAM-
Koorde, and Koorde. Throughput is defined as the rate at wdath can be continuously delivered from
a source node to all other nodes. Due to limited buffer spa@aeh node, the sustainable multicast
throughput is decided by the link with the least allocateddvédth in the multicast tree. CAM-Chord and
CAM-Koorde produce much larger throughput because a nod@adityc, (which is its number of chil-
dren in the multicast tree) is adjustable based on the nagddmd bandwidth. The primary advantage of
CAMs over the Chord/Koorde is their ability to adapt the owettgpology according to host heterogeneity.

Figure 3 compares the throughput of CAM-Chord, Chord, CAM-Keom@ahd Koorde with respect to
the average number of children per non-leaf node in the oagtitree. CAMs perform much better. Their
throughput improvement over Chord and Koorde is 70-80% whemnodes’ upload bandwidths are chosen
from the rather narrow default range[df0, 1000] kbps. The larger the upload-bandwidth range, the more

the throughput improvement, as demonstrated by Figure 4eneral, lefa, b] be the range of upload
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bandwidth. The upper bouridof the range is shown on the horizontal axis of Figure 4, wthklower
bounda is fixed at 400 kbps. The figure shows that the throughput irgmznt by CAMs increases when
the upload-bandwidth range is larger, representing a grel@gree of host heterogeneity. The simulation
data also indicate that the throughput ratio of CAM-Chord (CKbbrde) over Chord (Koorde) is roughly
proportional to%2.

Figure 5 shows the multicast throughput with respect to ibe af the multicast group. According to

the simulation results, the throughput is largely insévestio the group size.

B. Throughput vs. Latency

We measure multicast latency by the average length of nasttipaths. Latency is determined by both
the number of hops and the hop delay. In CAM-Chord and CAM-Koditie overlay links are randomly
formed among the nodes due to the use of DHT. Therefore, thedga of an overlay path is statistically
proportional to the number of hops. That's why we used thelramof hops to characterize the latency
performance. In fact, the measurement in terms of numbeops$ lbarries information beyond latency. It
is also an indication of how many times a message has to bgerklavhich is a resource consumption
issue. However, with the proximity neighbor selection irct8® V-B, the latency is no longer proportional
to the number of hops. We add a simulation in Section VI-D twlgtthis case, where the actual delay is

measured.
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tributed in the range dfc..y]. tributed in the range dfc..y].

Both throughput and latency are functions of average nodaotigp With a larger average node capacity
(achieved by a smaller value pj, the throughput decreases due to more children per némése and
the latency also decreases due to smaller tree depth. ©heréiere exists a tradeoff between throughput
and latency, which is depicted by Figure 6. Higher througlzam be achieved at the cost of longer routing
paths. Given the same upload bandwidth distribution, tiséesy’'s performance can be tuned by adjusting
p. The figure also shows that, for relatively small throughjegs than 46kbps in the figure) — namely, for
large node capacities — CAM-Koorde slightly outperforms CAMerd; for relatively large throughput
(greater than 46kbps in the figure) — namely, for small nogeacies — CAM-Chord outperforms CAM-

Koorde, which will be further explained in Section VI-D.

C. Path Length Distribution

Figure 7 and Figure 8 present the statistical distributibmalticast path lengths, i.e., the number of
nodes that can be reached by a multicast tree in certain mohbeps. Each curve represents a simulation
with node capacities chosen from a different range. When dpadity range increases, the distribution
curve moves to the left of the plot due to shorter multicagih@alhe improvement in the distribution can
be measured by how much the curve is shifted to the left. Abdggnning, a small increase in the capacity

range causes significant improvement in the distributiofierAhe capacity range reaches a certain level
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capacity

([4, 10] in our simulations), the improvement slows down drastycall
Each curve has a single peak, and the right side of the peaklguiecreases to zero. It means that the
vast majority of nodes are reached within a small range df [etgths. We didn’t observe any multicast

path whose length was significantly larger than the averagielpngth.

D. Average Path Length

Figure 9 shows the average path length with respect to thexgeenode capacity. We also plot an
artificial line, 1.511‘:1—2 with n = 105, which upper-bounds the average path lengths of CAM-Chord and
CAM-Koorde, verifying Theorem 4 and Theorem 6.

From the figure, when the average node capacity is less thahel@verage path length of CAM-Chord
is smaller than that of CAM-Koorde; when the average nodeapis greater than 12, the average path
length of CAM-Koorde is smaller than CAM-Chord. A smaller awggath length means more balanced
multicast trees. Therefore, for small node capacities, CBIMrd multicast trees are more balanced than
CAM-Koorde multicast trees, and vice versa. The reasonsgkaiaed as follows. On one hand, a
non-leaf CAM-Koorde node may have less children thap because some neighbors may have already
received the multicast message from a different path. Tdndd to make the depth of a CAM-Koorde

multicast tree larger than that of a CAM-Chord tree. On theratlaed, a CAM-Chord node may split

(x, k] into uneven subsegments (i.e., subtrees) with a ratio up(anes 6-15 in Section IlI-D). This ratio
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of unevenness becomes small when the node capacities alle Smbining these two factors, CAM-
Chord creates better balanced trees for small node cagacitidV-Koorde creates better balanced trees
for large node capacities.

Next we use CAM-Chord as an example (Section V-B) to study theanhpf proximity optimization.
In [33], Mukherjee found that the end-to-end packet delaytt@ninternet can be modeled by a shifted
Gamma distribution, which is a long-tail distribution. Téleape parameter varies from approximately 1.0
during low loads to 6.0 during high loads on the backbone.his paper we set the shape parameter to
be 5.0 and the average packet delay to be 50 ms. Figure 10 cesrip@ average latency of delivering a
multicast message from a source to a receiver in CAM-Chord evithithout the proximity optimization.
The simulation is performed for different average node caies, and the impact of proximity optimization

is significant. In most cases, it reduces the latency more higahalf.

E. Impact of Dynamic Capacity Variation

In a real environment, the upload bandwidth of a node mayuatet If we always use the same implicit
multicast trees, then the dynamic variation of node cajeascwill cause variation in average throughput
but not in average latency. CAMs can also be easily modifiechture throughput but allow latency
variation. If a node’s capacity decreases, it simply fodgsamessages to a smaller number of neighbors,
which automatically reshapes the implicit tree. If a nogealpacity increases for a long time, the node can

take advantage of the improved capacity by increasing thaeu of neighbors.
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We define thecapacity ratioas the actual capacity of a nodeat the real time divided by the claimed
capacityc, that is used to build the topology of CAMs. We define tatency ratioas the actual delay
at a given capacity ratio divided by the “benchmark” delayewlthe capacity ratio is 100%, namely, no
dynamic capacity variation. Apparently, the latency r&tia function of the capacity ratio.

Figure 11 shows the relation between the latency ratio aaaaipacity ratio. When the capacity ratio
is smaller, which means the nodes cannot support as mardreiias they have claimed, the nodes will
forward the received messages to a less number of neighbohsisat each child will still receive a suf-
ficient amount of bandwidth. But the height of the implicit micast tree will be larger, which means a
larger latency ratio. As show in the figure, when the averagacity becomes 50% of the claimed one, the
average latency is increased by 47% and 42% for CAM-Chord and -®abtde, respectively. It shows

that the dynamic capacity variation will cause the laterexyation (instead of throughput variation).

VII. CONCLUSION

This paper proposes two overlay multicast services, c&la-Chord and CAM-Koorde, which are
capacity-aware extensions of Chord and Koorde with multicagines that follow implicit, well-balanced
trees to disseminate multicast messages. One attractpeny is that the number of multicast children
of a node is bounded by its capacity, which may vary widely agnthe nodes. It prevents the multicast
throughput from degrading due to the overload of low-cagawddes. With each source node having a

separate, implicit multicast tree, the overall traffic idvMoalanced across the network.
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